Purpose Prior research in animal models has suggested that retinal macrophages play an important role in age-related macular degeneration (AMD), but studies have insufficiently characterized the distribution of retinal macrophages in various stages of human AMD. Methods In this case series, we analyzed H&E, periodic acidSchiff, and CD163 and CD68 immunostained slides from 56 formaldehyde-fixed, paraffin-embedded autopsy eyes of patients over age 75: 11 age-matched, normal eyes, and 45 AMD eyes. Results Qualitative analysis of the macula and retinal periphery revealed that all eyes contained a significant number of CD163+ cells but a negligible number of CD68+ cells. In normal eyes and eyes with thin or infrequent basal laminar deposits, CD163+ cells were restricted to the inner retina. In contrast, in AMD eyes with thick basal deposits, choroidal neovascular membranes, and geographic atrophy, qualitatively there was a marked increase in the number and size of the CD163+ cells in the outer retina, sub-retinal, and sub-retinal pigment epithelium space in the macula. Conclusions The changes in number and localization of retinal CD163+ cells in eyes with intermediate-severe AMD support a key role for macrophages in the pathogenesis and progression of the disease. A larger, quantitative study evaluating the distribution of macrophage subpopulations in postmortem AMD eyes is warranted.
Introduction
Studies in animal models of neovascular age-related macular degeneration (AMD) [1] [2] [3] and human AMD case series [4] [5] [6] showed that retinal macrophages play an important role in AMD. Herein, we report that the retinas of human eyes with AMD contain a significantly larger number of infiltrating macrophages than previously demonstrated. Importantly, we observed a striking change in the number, morphology, and retinal localization of macrophages in eyes with intermediate and severe AMD as compared to normal or early AMD eyes. These observations suggest that retinal macrophages are centrally implicated in AMD genesis and progression.
Materials and methods
Autopsy eyes of patients over age 75 (average age 85.3, range 76-98) were evaluated in this study. The population was predominantly female (64%) and Caucasian (69%). The most common comorbidities were hypertension (36%) and diabetes mellitus (18%). The average post-mortem interval to tissue fixation was 28.1 h (range 6.5-70.3).
Autopsy eyes were enucleated and fixed in 3.7% neutralbuffered formaldehyde. The diagnosis of AMD was made postmortem due to the absence of ophthalmic clinical history in most cases. Following the removal of the superior calotte, postmortem fundus examination and color photography were performed, then the eyes were embedded in paraffin, and sectioned at 5 μm. The use of autopsy eyes for research was approved by the Institutional Review Board of the Duke University. Hematoxylin and eosin (H&E), periodic-acid Schiff (PAS), and immunostained macular sections were evaluated for the presence of AMD and graded using the AMD grading system by Sarks [7] . Eyes with other detectable macular pathology and eyes with glaucoma were excluded. The best foveal sections were selected for immunohistochemical (IHC) studies [8] .
The IHC detection of CD68 and CD163 was performed using Leica Bond-MAX or Leica Bond-III automated stainers (Leica Microsystems Inc., Buffalo Grove, IL, USA), a 20 min antigen retrieval with Novocastra Bond Epitope Retrieval 2 solution (Leica Microsystems) at 100°C and pH 6.0, ready-touse CD68 (clone 514H12) antibodies or 1:200 dilution CD163 (clone 10D6) antibodies (Leica Microsystems), and the Novocastra Bond Polymer Refine Red Detection system (Leica Microsystems) [9] . Negative controls employed a commercially available cocktail of mouse IgG1, IgG2b, IgG3 and IgM (Leica Microsystems). Human tonsil sections were used as positive controls.
Photomicrographs were acquired using a Vanox AHSB3 microscope (Olympus America, Center Valley, PA) and a D800 Nikon camera connected by a 2.5× MM-SLR adapter (Martin Microscope Co., Easley, SC). DigiCamControl software (www.digicamcontrol.com) was used to acquire images.
Results
We identified 11 normal eyes from 11 age-matched control subjects (Sarks group I) and 45 eyes with AMD of various severities from 45 patients over age 75: eight eyes from group II, seven eyes from group III, eight eyes from group IV, 15 eyes from group V (eight eyes with geographic atrophy and seven eyes with CNV), and 7 eyes from group VI. The diagnosis was made postmortem due to the absence of ophthalmic clinical history in most cases. Postmortem fundus examination and color photography were performed. Qualitative analysis of both macula (defined by the retinal area with >1 ganglion cell layer) and retinal periphery revealed that all normal AMD eyes (group I) contained a large number of CD163+ cells. The number of CD68+ cells was nearly negligible in normal, control eyes ( Figs. 1 and 2g ). In control eyes and AMD eyes with isolated basal laminar deposits (group II; N=8) or thin, continuous sub-retinal pigment epithelium (RPE) deposits (group III; N=7), CD163+ cells were restricted to the inner retina (above the outer plexiform layer) of both macula and retinal periphery, and no CD163+ cells were present in the outer retina or sub-RPE. In these eyes ( Fig. 2a-c ), CD163+ cells in the nerve fiber layer and ganglion cell layer had a dendritic, microglioid phenotype with a small soma and long processes (inset in Fig. 2a ). In the inner plexiform layer and inner nuclear layer, some of the CD163+ cells had a dendritic morphology, and others were characterized by a more rounded conformation (Fig. 2a) . In contrast, in AMD eyes with thick, continuous sub-RPE deposits (group IV; N=8), we detected a notable presence of CD163+ cells in the outer retina, subretinal and sub-RPE space in the macula. Qualitatively, there was an apparent increase in the number and size of CD163+ cells with higher disease severity (Fig. 2d-f) . CD163+ cells had an activated morphology with large soma and short processes [4, 5] , a phenotype that was especially prominent in severe AMD cases with geographic atrophy (N=8), choroidal neovascularization (N=,7) and disciform scar (N=7) (inset in Fig. 2e ). In AMD eyes with geographic atrophy, melaninfilled cells at the edges of areas of RPE atrophy expressed the marker CD163 (inset in Fig. 2e ). In eyes with CNV and disciform scar (Fig. 2f ), there were numerous CD163+ cells concentrated in the area of the fibrotic scar and throughout all retinal layers. In eyes from groups IV-VI, we noted a qualitative increase in the number of CD163+ cells in the outer retina in the periphery to the ora serrata. Many normal and AMD eyes exhibited subretinal CD163+ cells adjacent to the ora serrata. There was a complete absence of cellular staining in the negative controls (inset in Fig. 2h ).
Discussion
AMD-related changes in animal models were associated with retinal infiltration by bone marrow-derived macrophages early in the degenerative process [1, 2] . Despite a significant body of work devoted to this subject from the original ultrastructural observations to later immunohistochemical studies [10] [11] [12] [13] , the retinal distribution and relative contribution of macrophage subpopulations to the pathobiology of human AMD have not been adequately investigated. This is largely due to the fact that identification of retinal macrophages in human AMD is difficult. Most monocytic cells cannot be recognized within the retina in sections stained with H&E due to the high cellularity and heterogeneity of retinal cell types. Although RPE cells can be highly metaplastic and have been shown to express macrophage markers such as CD68 at the edges of geographic atrophy [8] , pigment-laden macrophages may also closely resemble hypertrophied or migrating RPE cells at the edges of atrophy areas if immunohistochemical markers of macrophages are not employed. Indeed, retinal macrophages have been reported in a small number of human AMD cases [4] [5] [6] . Earlier studies found subpopulations of CD68+ cells in the normal aged retina, albeit in small numbers present in both retinal sections and flat mounts [13, 14] . In agreement with prior studies, we found nearly no CD68+ cells in the retina of normal eyes and eyes with early AMD, and a small number of CD68+ retinal macrophages in advanced AMD. Nonetheless, based on the report of Bronkhorst and coworkers in eyes with uveal melanoma, expression of CD163 and CD68 by macrophages may not be mutually exclusive in the intraocular microenvironment [15] .
The newer macrophage marker CD163, a haptoglobinhemoglobin scavenger [16] that predominantly labels bone marrow-derived macrophages [17] , and access to a large collection of autopsy eyes allowed the identification of an abundance of infiltrating CD163+ cells in postmortem retinas of AMD patients. CD163+ cells with a resting morphology were present in the inner retina of all eyes studied. CD163+ cells accumulated over areas of geographic atrophy and some of these enlarged cells engulfed pigment. In eyes with CNV and disciform scars, we also noted a qualitative increase in intraretinal CD163+ cells and an abundance of subretinal and sub-RPE CD163+ cells. The significance of the peripheral CD163+ cells is unclear, but it is interesting to note that the pattern of infiltration in the retinal periphery in various AMD stages and controls appeared to parallel the pattern present in the macula, with an increase in the number of cells in the outer retina in intermediate-severe stages of AMD.
Cherepanoff and colleagues recently described the distribution of retinal CD163+ cells, CD163+ choroidal macrophages, and subretinal epithelioid CD163+ cells in the ora serrata region of six normal human adult eyes from four donors [9] . This distribution was consistent with our findings in normal control cases. Cao et al. [6] analyzed a total of ten AMD eyes (five with exudative AMD and five with atrophic AMD) and eight control eyes and found a very mild CD163+ cells infiltration in the CNV lesions, but no CD163+ cells in eyes with geographic atrophy or normal control eyes. The significant disparity between this work and ours is likely due to differences in IHC staining techniques and to the stated low availability of AMD cases in the prior study [6] . Cao and collaborators employed a citrate buffer retrieval technique [6] as opposed to the Novocastra Bond Epitope Retrieval. We found a great variability in CD163 staining of Fig. 1 Eyes stained with hematoxylin and eosin illustrating histopathology in normal eyes and AMD eyes with various disease severities according to the Sarks classification system [7] . a Normal, age-matched control eye with normal RPE and absence of basal deposits (group I). b AMD eye with a few discrete, discontinuous sub-RPE basal laminar deposits, and mild RPE irregularity (group II). c AMD eye with thin, eosinophilic and finely granular, continuous basal deposits, and irregular RPE (consistent with group III); inset depicts the continuous sub-RPE basal deposits. d AMD eye with thick, continuous basal deposits, irregular RPE with indistinct cell borders and photoreceptors with foci of retraction, distortion, and occasional degeneration (group IV). e AMD eye with thick deposits, areas of RPE loss (geographic atrophy), RPE hyperplasia at the edges of atrophy, and photoreceptor loss (group V). f AMD eye with a disciform scar, RPE, and photoreceptor loss (group VI). Scale bar = 100 μm; insets are enlarged 4-fold. Please note that the white line in panels a and b is a break between two separate images, which were obtained due to the presence of a postmortem sensory retinal detachment macrophages depending on technique, with optimum staining being achieved only when we used Leica Bond automated stainers, antibodies, and a polymer detection system.
Our observation that there is a qualitative increase in retinal CD163+ cells in eyes with thick, continuous basal deposits and advanced AMD supports a key role for macrophages in the pathogenesis and progression of AMD. A larger quantitative study evaluating the distribution and role of macrophage subpopulations in postmortem AMD eyes is warranted to confirm these qualitative observations.
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